We have previously shown that pupae of the giant silkmoth Samia cynthia have a humoral antibacterial activity, which was induced by viable, nonpathogenic gram-negative bacteria . We show here that this activity was formed simultaneously with a selective incorporation of amino acids into eight polypeptide chains characterized by their electrophoretic behavior. If actinomycin D or cycloheximide were given at an early time, no antibacterial activity was found. If the inhibitors were given at the time of maximum activity, there was no effect with actinomycin D but a rapid decrease of the activity in the case of cycloheximide. The results imply that the messenger ribonucleic acid was stable, but that at least one protein component was turning over. Hemolymph from immunized pupae of another giant silkmoth, Hyalophora cecropia, was fractionated by ammonium sulfate precipitation. This procedure, together with the isotope distribution after co-electrophoresis in polyacrylamide gels, was used for comparing the response to injury and to different infections. Almost identical polypeptide patterns were obtained as a response to an infection with either viable Enterobacter cloacae or Bacillus subtilis. These patterns differed both qualitatively and quantitatively from the injury effect created by an injection as such. There was only a low antibacterial activity in each of the four fractions obtained by ammonium sulfate precipitation. However, a combination of three fractions restored a high killing activity. Fractionation of hemolymph from untreated pupae provided evidence for at least one preexisting factor which stimulated the killing of Escherichia coli. The osmotic pressure of the bacteria contributed to the antibacterial activity towards E. coli, but not towards B. subtilis. The killing of E. coli was inhibited by lipid A and, to a lesser extent, by an inhibitor of proteolytic enzymes. The similarities and differences with the mammalian complement system are discussed.
All living organisms depend on defense systems which protect them against pathogenic microorganisms and maintain their balance with the natural flora. Such systems always have a specificity which prevents the host from "self"-destruction. In higher vertebrates the specificity of both cellular and humoral defense systems is carried by different classes of immunoglobulins. However, it is generally accepted that invertebrates lack immunoglobulins (1, 11, 13) , and their defense system must therefore depend on other recognition mechanisms.
Compared to mammals little is known about immunity systems in insects (11, 19, 34) . However, some of the humoral defense mechanisms studied in different invertebrates have shown a superficial resemblance to the complement system (3, 8, 14) . The antibacterial activity in pupae of Samia cynthia was recently shown to be due to an inducible multicomponent system (3, 4) . We demonstrate here that this activity in S. cynthia and the closely related silkmoth, Hyalophora cecropia, was induced simultaneously with the selective synthesis of certain hemolymph proteins identified by their electrophoretic behavior. The killing activity and the proteins were fractionated and characterized by reconstitution and inhibition experiments.
The synthesis of hemolymph proteins in H. cecropia has been studied previously (22, 27, 32) , but in no case were questions asked about the role of these proteins in the immune response. However, every injection of a pupa inevitably also creates a cuticle injury. Earlier studies of protein synthesis after injury (22, 32, 35) are therefore relevant to our present character-ization of proteins formed as a response to the injection of viable bacteria.
MATERIALS AND METHODS
Bacterial strains. The test organism used in our standard assay for antibacterial activity was Escherichia coli K-12, strain D31, a penicillin-and streptomycin-resistant mutant with a defective lipopolysaccharide (LPS) (2, 3) . Bacillus subtilis strain Bsll is a streptomycin-resistant mutant isolated from a wildtype strain kept in our stock collection. Most pupae were immunized with Enterobacter cloacae strain ,(12, a nalidixic acid-resistant mutant (3) .
Standard assay for antibacterial activity. The normal reaction mixture contained 1% hemolymph and 5 x 105 to 10 x 105 viable cells of E. coli strain D31, but we used 5% hemolymph to measure the killing of B. subtilis. The volume of the reaction mixture was about 0.1 ml, and the buffer was always 0.1 M potassium phosphate, pH 6.4, with 2 x 10-3 M dithiothreitol. Incubation was carried out at room temperature, and at different times 5-I,u samples were withdrawn and the number of viable bacteria was determined by plating. We earlier used the initial rate as a measure of the antibacterial activity (3) . With some exceptions, we here used the result of a 3-min reaction as a measure of the antibacterial activity. All such data were obtained as interpolations from time curves with a minimum of three points. Other details were as before (3) .
Insects and their vaccination. The induction experiments with S. cynthia were performed with diapausing pupae obtained from American sources, whereas for the fractionation experiments we used S. cynthia pupae of French or Italian origin. The antibacterial activity induced in the latter group was usually poorer, and they did not seem to have a firm diapause. Pupae of H. cecropia were obtained from an American dealer. All pupae were stored in a refrigerator at 8 C, and during the experiments they were kept at 25 C and a relative humidity of 60 to 80%.
Pupae were normally vaccinated by injecting via- Lepidoptera (33) . Small samples of hemolymph were taken up directly in capillary pipettes, whereas extensive bleeding was according to Schneiderman (30) or as described below, when phenylthiourea was omitted. Ammonium sulfate fractionation of hemolymph. Except for the bleeding, all following steps were carried out at 0 to 4 C. From a 2-to 4-mm incision on the forewing, the hemolymph was collected directly into a 0.5-ml Carlsberg pipette and layered under 1 ml of ice cold 0.1 M potassium phosphate buffer, pH 7.4 . The hemolymph volume obtained from two pupae of H. cecropia was usually 3.1 to 3.5 ml. Water was then added to a total volume of 10 ml, the sample was mixed, and 2.20 g of solid ammonium sulfate was added to give 38% saturation at 0 C (9). After 5 to 10 min of stirring, the precipitate was collected by centrifugation at 23,700 x g for 15 min. The sediments at this and subsequent steps were washed by 2 to 3 ml of an ammonium sulfate solution of the corresponding saturation. The respective supernatants were added back to the main part of the preparation, and the total volumes were adjusted by the respective washing solutions. As the second step, 1.13 g of solid ammonium sulfate was added to 15 ml of supernatant, thereby raising the concentration to 50% saturation. For the third and fourth steps to 62 and 75% saturation, 1 .60 and 2.25 g of ammonium sulfate were added to 20 and 25 ml of supernatants, respectively. Each precipitate was dissolved in 1 ml of 0.05 M potassium phosphate buffer, pH 7.4. Nonsoluble residues occurred only at the first step and were removed by a final centrifugation. Fractions were stored in aliquots at -80 C.
Analytical methods. Polyacrylamide slab gel electrophoresis was performed using apparatus GE-4 of Pharmacia Fine Chemicals, Uppsala, Sweden. The gel concentration was 7.5%. All electrophoresis buffers were 0.1 M sodium phosphate containing 0.1% sodium dodecyl sulfate. The pH of the electrode buffer was 6.4 and the pH of the gel buffer was 7.2. Staining and other details of the procedure were as recommended by Maizel (18) . For the determination of the radioactivity in double-labeled samples, the gel was cut into 2-mm slices, dried, and combusted in a Packard sample oxidizer, model 306. The 3H20 and 14CO2 separated were counted in the scintillation liquids recommended for the oxidizer but using a Nuclear-Chicago Mark II liquid scintillation counter. External standard was used to check that the quenching was constant. The overall efficiency for 14C was about 55% and for 3H it was around 30%. All radioactivity data are given without any corrections.
Lysozyme was determined using a suspension of (3) .
RESULTS
Induction kinetics of the antibacterial activity. We previously demonstrated that in pu-VOL. 12, 1975 on October 16, 2017 by guest http://iai.asm.org/ Downloaded from pae of S. cynthia an injection of a gram-negative bacterium induced a cell-free antibacterial activity not detectible in hemolymph of untreated animals (3). We have now extended this work to include also a gram-positive bacterium, and we first studied the time course during which immunity was developed. Figure 1 shows three typical induction experiments using as vaccine viable E. coli, E. cloacae, and B. subtilis. In each case there was a lag period of about 10 h before any immunity reaction was detected. After this time the antibacterial activity began to increase, and the optimum was reached after 2 to 4 days. There were significant quantitative differences in the immune response; with E. cloacae a high level of activity was obtained, whereas with E. coli and B. subtilis the response was weaker. We have previously reported that a sterile salt solution (Wsaline) can give a varying immune response (3), and in this particular experiment the activity was very weak.
Our earlier finding that the antibacterial activity is sensitive to pretreatment with trypsin (3) suggested that one or more of the components were proteins. We therefore followed the incorporation of amino acids into hemolymph proteins after an injection of either viable E. cloacae, B. subtilis, or W-saline. Figure 2 shows that for amino acid incorporation there was a lag similar to the one found for the antibacterial activity (cf. Fig. 1 ). After the lag period of 12 h incorporation increased until day 4, when the specific activity usually reached its maximum. Figure 2 shows that the injury created by the injection of W-saline also induced the incorporation of [3H] leucine, but at a somewhat lower rate than that provoked by the bacteria. The lag period and the rate of protein synthesis are in agreement with the known characteristics for diapausing pupae and different from those of developing animals (32) .
With E. cloacae the magnitude and duration of the response was rather constant, but with E. coli and B. subtilis it fluctuated between different pupae. In all cases, the duration was longer than reported for larvae of Galleria mellonella (5) . Rhythmic variations like the one observed on day 3 have sometimes been recorded, but their cause is not understood.
Induction kinetics after inhibition of ribonucleic acid and protein synthesis. Earlier experiments showed that pretreatment of S. cynthia pupae with actinomycin D completely blocked the formation of the antibacterial activity (4). We have now performed a series of experiments where actinomycin D was given at different times during the lag period that follows an infection. The left part of Fig. 3 shows that when actinomycin D was given at zero time or 5 h after the vaccination hardly any antibacterial activity could be demonstrated in the hemolymph. When actinomycin D was given near the end of the lag period, there was a significant antibacterial activity, which, however, declined very rapidly. In another experiment, actinomycin D was given on day 3, when the antibacterial activity has reached its maximum. The right part of Fig. 3 shows that in this case actinomycin D had no clear effect on the antibacterial activity.
We performed a similar set of experiments with cycloheximide, an inhibitor of protein synthesis in eukaryotic cells. The results in the left part of Fig. 4 show that cycloheximide given during the lag period effectively blocked the
formation of the antibacterial activity. If cycloheximide was given when the immunity had reached its plateau, there was a rapid drop in the antibacterial activity (Fig. 4, right) . A comparison of Fig. 3 and 4 shows that cycloheximide was a more potent inhibitor than actinomycin D.
Effects of actinomycin D and cycloheximide on infected and uninfected Drosophila were previously examined (B. Rasmuson and H. G. Boman, unpublished data). These studies showed that actinomycin D alone was highly toxic. Neither cycloheximide nor E. coli alone affected the flies, but given together the bacteria killed the flies within 24 h. 3 and examined by coelectrophoresis. Figure 5 shows that the label was distributed into two larger and four smaller peaks. These bands may represent polypeptide chains rather than proteins. However, for simplicity, they will hereafter be referred to as "proteins" and tentatively labeled as follows:
P1 slices 4-7, P2 slices 11-13, P3 slices 14-17, P4 slices [17] [18] [19] [20] (24) . Preliminary experiments showed that in reconstitution experiments the ratio between the components added was of significant importance both for the initial rate of the reaction and for the killing capacity. This is illustrated in Fig. 6 , which shows that the initial rate was increased when fraction A + B were constant and the amount of fraction D was increased. The reversed experiment, when D was constant and A+B increased, yielded a higher maximal reaction rate. Therefore, in further experiments we used an excess of A+B.
We also fractionated hemolymph from five European pupae of S. cynthia immunized by E. cloacae. The killing activity towards E. coli was low for both unfractionated and reconstituted hemolymph (fractions A, B, and D combined), and this inefficiency could be traced to fraction D. The active fractions A and B from S. cynthia were interchangeable with those from H. cecropia. Fractionation and reconstitution experiments were, however, sometime difficult to reproduce to the accuracy of the assay. The reason for this is not understood, but may in part depend on the "sticky" nature of the proteins and in part on inaccuracy in the fractionation with solid ammonium sulfate.
Are any immune components present in an untreated pupa? Hemolymph from an untreated pupa has no measurable antibacterial activity (3). However, since the killing activity is due to a multicomponent system, one or more components could still be present in the hemolymph of an untreated animal. To obtain evi- coli and B. subtilis, respectively. Evidence for the distribution of the labeled proteins were from Fig. 9 and 11, where (L) indicates a large peak and (S) a small peak. The protein concentration in fractions A through D varied between 8 and 25 mg/ml and was always highest in fraction C.
VOL. 12, 1975 on October 16, 2017 by guest http://iai.asm.org/ Downloaded from dence for the possible existence of such a component, hemolymph from an untreated pupa ofH. cecropia was fractionated by ammonium sulfate according to the same procedure as used for immunized animals (see Table 1 phoresis of whole hemolymph, below which is a photograph of the stained slab with five samples. The uppermost sample of the slab corresponds to isotope distribution given in the upper part of Fig. 8 . The four lower samples show co-electrophoresis experiments with the respective ammonium sulfate fractions for which the isotope distributions are given in Fig. 9 . Together these figures show that proteins Pl, P4, P5, P7, and P8 were present in reduced amounts or were absent in the injury response caused by the injection of W-saline. On the other hand, the main component in the injury response, protein P3, was only a minor fraction in the response obtained with E. cloacae. The injury effects here recorded seem to be much smaller than those reported after perfusion (22) or after larger injuries to the integument (35) . Figures 10 and 11 show a similar comparison of the response obtained after induction with E. cloacae and B. subtilis. In this case there was a general agreement in the isotope patterns obtained. However, there were lower levels of the antibacterial activity and of proteins Pl, P7, and P8 in the response to B. subtilis.
The photographs of the slabs ( Fig. 8 and 10 ) and the distribution of isotopes (Figs. 9 and 11) show that the ammonium sulfate fractionations overlap in their protein patterns. Some proteins like P5 and P8 (in fraction A) and proteins P4 and P7 (in fraction D) were clearly separated, but the amounts recovered in the respective fractions fluctuated from one experiment to another. It should also be emphasized that we often obtained labeled precipitates when we added sodium dodecyl sulfate to hemolymph or fractions A through D. Despite various efforts we could not prevent the formation of radioactive precipitates in the starting zone. Disregarding these difficulties, we indicate in Table 1 how the different labeled proteins distributed themselves in typical ammonium sulfate precipitations (cf. Fig. 9 and 11) .
The labeled protein pattern obtained as response to an infection with E. cloacae was confirmed using [35S]methionine. In this case almost 30% of the injected label was incorporated into proteins, compared to about 3% for [3H]leucine. We assume this difference to be due to the pool size of the respective amino acids, giving differences in isotope dilution. We also performed co-electrophoresis experiments with mixtures of 35S-and 3H-labeled proteins. However, since 35S cannot be handled by the oxidizer and since the slices gave a variable and heavy quenching, no safe conclusions could be drawn from this set of experiments.
Properties of reconstituted systems. As emphasized before (3) the use of viable bacteria in the assay limits the number of inhibitors that can be tested. However, we have with a reconstituted system investigated phenylthiourea, a known inhibitor of phenoloxidase, as higher concentration of core polysaccharide may well be due to contaminating traces of lipid A (2). We also obtained inhibition with several commercial antisera. However, the re- To characterize the system further, we compared the killing of E. coli in the presence and absence of 20% sucrose. As control we performed the same experiments with B. subtilis, which is known to have the same type of murein skeleton as E. coli (29) . The results obtained in Fig. 12 (left) suggest that the osmotic pressure inside E. coli contributed to the killing rate. The killing of B. subtilis was facilitated by sucrose. Compared to whole hemolymph, the reconstituted system had only a low activity against B. subtilis. A possible explanation is the fact that a main part of the lysozyme remained in the supernatant after the last precipitation with ammonium sulfate.
DISCUSSION
Induction of the antibacterial activity. In our studies of the induction kinetics ( Fig. 1-4) we always found that a lag period of about 10 to 12 h was required between the injection ofbacteria and the first appearance of a measurable antibacterial activity or a rise in the amino acid incorporation. If either actinomycin D or cycloheximide was added during the lag period, the antibacterial activity was drastically inhibited Effects of sucrose on reconstituted antibacterial activity towards E. coli strain D31 (left) and B. subtilis (right). Symbols: Bacteria in 20% sucrose (squares); without sucrose (circles). With E. coli, A +B +D was used concentrations of 2,2, and 0.4%, respectively; with B. subtilis the concentrations were 2% for all fractions.
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When cycloheximide was injected into a pupa in which the maximum antibacterial activity was expressed (Fig. 4, right) , there was a rapid drop in the antibacterial activity. This finding implies a rapid turnover of one or more of the proteins involved in the antibacterial activity. Such a fast inactivation could have a biological function in protecting the animal against selfdestruction.
If actinomycin D was added at the time when the antibacterial activity reached its maximum (Fig. 3, right) (Table 1) imply that all of the components could be needed and that the presence of P7 and P8 may be correlated with a high antibacterial activity. We have also considered the possibility that P3 is a precursor of P4 (see Fig. 8 and 9) , and that the injury effect obtained by the injection of a sterile salt solution represents intermediary forms of proteins, which by further processing are converted into molecules with antibacterial activity. However, these suggestions are based only on correlations and conclusive experiments will have to be performed with purified components. Finally, it should be emphasized that the diapause presumably is a necessary condition for obtaining the selective synthesis of only the immunoproteins which we have observed here.
Irrespective of the limitation discussed above, our present data would permit the following conclusions. (i) Induction by a gram-negative and a gram-positive bacteria (E. cloacae and B. subtilis, respectively) induced almost identical polypeptide patterns in spite of the evidence for two independent killing mechanisms against these two types of bacteria (3, 4 Nature of the antibacterial reaction. Insects can respond to infections as well as to injury with both cellular and humoral reactions (3, 5, 7, 12, 19, 25, 34, 35) . For the latter system several authors have emphasized the importance of phenoloxidase (12, 19) and lysozyme (20, 23) , especially for the defense against fungi and bacteria, respectively. Since phenylthiourea is a powerful inhibitor of phenoloxidase (30) and since our antibacterial reaction was unaffected by this agent (Table 2) , the enzyme cannot directly contribute to the killing reaction studied here.
It is more difficult to evaluate the role of lysozyme. This enzyme may well be a main agent for the killing of gram-positive bacteria, but reconstitution experiments (Table 1 ; Fig.  12 ) imply that other factors are involved. In the killing of E. coli "crude lysozyme" could not substitute for fraction D. Moreover, preliminary findings indicate that lysozyme can be separated from most of the labeled proteins in fraction D (T. Rasmuson, unpublished data). Therefore, at present we can not fully evaluate the role of the lysozyme in either of the antibacterial reactions studied.
Day et al. (8) first emphasized the complement-like nature of the humoral defense system in invertebrates, but some hesitations were expressed in a later report (14) . In our previous study (3) the single-hit kinetics, the multicomponent nature, and inhibition by LPS provided evidence for a superficial resemblance to the complement system. This claim is now substantiated by the following results. (17) .
(iii) The osmotic pressure inside the bacteria contributed to the killing of E. coli in the same way as found for human complement (10, 21, 31) . (iv) Compared to E. coli, B. subtilis was considerably more resistant to the antibacterial activity in insects. The same difference was earlier found for human complement (21) .
From the above properties we conclude that the antibacterial activity in pupae of giant silkmoths is of a complement-like nature. However, a comparison with mammalian complement reveals the following differences. (i) The insect system is inducible, whereas mammalian systems normally seem to be constitutive.
(ii) Cycloheximide experiments indicate a rapid turnover of the insect system, whereas we do not know of any report of a fast turnover of complement in mammals. (iii) When measured with the same test organism, the insect system seems to be 100 to 1,000 times more effective in the killing of E. coli. These differences can be explained if complement occurred before immunoglobulins during the evolution of immunity. Then the lack of immunoglobulins in insects may have increased the selection pressure on their complement-like systems.
